A B S T R A C T Cardiac stress produced by hypertension or excess volume loading results in different types of hypertrophy. Elevated left ventricular pressure rapidly results in increased myocardial protein synthesis in vivo and in vitro, but such rapid alterations are not consistently seen in volume loading. The difference in response is difficult to clarify since it is not possible to effect alterations in left ventricular pressure or perfusion without profoundly affecting coronary perfusion. The present study describes cardiac protein synthesis in the right ventricle of the young guinea pig heart in vitro by utilizing a perfusion model in which the right ventricle could be stressed by elevations of pressure or volume loading in the presence of constant and restricted coronary perfusion. With coronary flow maintained at 4 ml/min per heart equivalent to 25 ml/min/g dry wt, an increase in right ventricular pressure from normal levels of 3 mm Hg to 11 mm Hg resulted in a 60% increase of myocardial incorporation of [14C] 
A B S T R A C T Cardiac stress produced by hypertension or excess volume loading results in different types of hypertrophy. Elevated left ventricular pressure rapidly results in increased myocardial protein synthesis in vivo and in vitro, but such rapid alterations are not consistently seen in volume loading. The difference in response is difficult to clarify since it is not possible to effect alterations in left ventricular pressure or perfusion without profoundly affecting coronary perfusion. The present study describes cardiac protein synthesis in the right ventricle of the young guinea pig heart in vitro by utilizing a perfusion model in which the right ventricle could be stressed by elevations of pressure or volume loading in the presence of constant and restricted coronary perfusion. With coronary flow maintained at 4 ml/min per heart equivalent to 25 ml/min/g dry wt, an increase in right ventricular pressure from normal levels of 3 mm Hg to 11 mm Hg resulted in a 60% increase of myocardial incorporation of [14C]lysine into protein. However, with further increases of right ventricular pressure to 22 mm Hg, protein synthesis dropped back to normal levels. The falloff in protein synthesis was not due to decreased contractility, alterations in intracellular lysine pool specific activity, or alterations in distribution of coronary flow. A 60% increase in coronary perfusion was again associated with a similar response of protein synthesis to progressive elevations of pressure despite a rise in the ATP levels and a fall in lactate production. Thus, a deficiency of 02 did not entirely explain the decline of protein synthesis with maximal pressures. At all levels of coronary perfusion, volume loading for 3 h did not result in increased protein incorporation of [14C] lysine. The studies support a relationship between ventricular pressure and protein synthesis unrelated to coronary flow per se. A pressure receptor triggering protein synthesis within the ventricular wall is postulated. Such a relationship is not apparent in short-term volume loading in vitro.
INTRODUCTION
Cardiac stress produced by experimental hypertension or excess volume loading eventually results in hypertrophy (1-3) though the mechanisms and types of hypertrophy may be different in each stress, e.g., concentric hypertrophy with little increase in ventricular volume is described in hypertension or valvular stenosis while hypertrophy with dilatation is most often seen in valvular insufficiency or volume stress (4, 5) . Acute aortic hypertension or volume loading is also accompanied by increased coronary flow which has been shown to enhance protein synthesis (6) (7) (8) , and few data are available on the effects of such loading in the face of controlled or restricted coronary perfusion.
The present report presents data obtained with an in vitro perfusion modal which was designed to separate pressure and volume stresses in the right ventricle from alterations in coronary perfusion and which permits study of protein synthesis in this ventricle in the presence of controlled as well as restricted coronary flow. Two patterns are indicated with this model of the young the operation and anesthesia were as described previously (6, 7) . After anesthesia, the chest cage was opened and the proximal aorta cannulated and perfused with oxygenated Krebs-Henseleit solution containing amino acids in concentrations previously described (6, 10) . The pulmonary artery was then cannulated with a no. 240 nondistensible polyethylene catheter which was gently passed through the pulmonic valve into the right ventricular cavity and secured. The pulmonary arteries and veins were then ligated at the hilar regions and the lungs removed. The inferior vena cava was then cannulated with the cannula entering the inferior portion of the right atrium and secured in that position. The right atrium was converted into a closed chamber by ligating the superior vena cava. Similarly by ligation of the pulmonary veins, the left atrium was also a closed chamber. Any significant aortic regurgitation during the retrograde aortic perfusion could be immediately seen by dilatation of the left ventricle and atrium.
The heart and cannulae were transferred to a temperature-controlled perfusion chamber containing oxygenated Krebs-Henseleit solution which bathed the preparation (Fig. 1) . The heart was perfused by two separate circulations (Fig. 2) (6, 7, 10) At the end of the perfusion period, the parameters measured were averaged and recorded (Tables I and V) . Ventricular contraction was also evaluated by comparing the "amplitude" of contraction during the last 10 min of perfusion with that at the first 10 min, and the ratio of amplitudes (end/onset) recorded as an index of competence.
In the guinea pig, the average heart weight is 1.0 g. In the first grcup of studies, the coronary flow was maintained at exactly 4.0 ml/min per heart equivalent to [25] [26] ml/ min/g dry ventricular wt. The variation in the actual flow/ dry wt was due to the slight variation in heart weights. In the second group of studies, the coronary flow was 6.0 ml/min for all the hearts in the group (approximately 39-42 ml/min/g dry wvt). With continuous oxygen breathing, the sternum was split, and a no. 23 needle inserted into the pulmonary artery without compromising the pleural cavities. Respiration was continued and oxygenation of the blood was unaffected. In two separate studies, the peak systolic right ventricular pressures were 4-5 mm Hg. In six additional studies, after anesthesia and with continuous oxygen breathing, the right ventricle was approached transthoracically and a no. 18 needle inserted into the right ventricular cavity and tracings were recorded. In the six studies, the peak systolic pressure in the right ventricle was 4±1-1 mm Hg (Fig. 3) . In the same animals, the left ventricular cavity pressure was also recorded transthoracically by piercing the interventricular septum. The mean left ventricular pressure was 36±4 mm Hg. The latter is similar to readings obtained with the abdominal aorta cannulation in the anesthetized animal of this age reported earlier (10) .
Right ventricular ATP content, expressed as micromoles ATP per gram ventricular nitrogen, was determined in hearts perfused for 3 h with right ventricular pressures from 4 to 22 mm Hg. At the end of perfusion, while the coronary perfusion was continued at the experimental level, a section of right ventricular wall was cut with one motion from the heart and instantly frozen by clamping with a Wollenberger type clamp at the temperature of liquid nitrogen. ATP was assayed by a luciferin-luciferase method previously described (11) . In addition, ATP was assayed in hearts perfused for only 30 min to 1 h, as well as in hearts obtained from lightly anesthetized and oxygen-breathing 300-g guinea pigs. Assay of the latter in 16 separate studies gave a mean value of 193±8 (SE) Amol/g ventricular nitrogen equivalent to 4.8-5.0 Amol/g wet wt. These values are similar to those reported elsewhere for the guinea pig (11) . Chemical methods of determinations of protein N, isolation of [UC]lysine and determination of the [14C]lysine specific activity with an amino acid analyzer were carried out as reported previously (6, 7, 10) .
Lactate production by hearts subjected to right ventricular afterload stresses was determined by collecting all of the effluent from the heart for 30-40 min as well as from the bath surrounding the heart. Lactate was determined with the aid of Lactic Acid Kit no. 826B of Sigma Chemical Co., St. Louis, Mo., and the results expressed as micromoles lactate per minute per gram wet wt. Lactate content of the right ventricles was also determined at the end of the perfusion period in 14 studies.
RESULTS
Increasing right ventricular pressure (afterload) in the face of restricted and constant total coronary perfusion (4.0 ml/min per heart) and constant atrial fluid load Measurement of the right ventricular cavity pressure in situ revealed a mean peak systolic pressure of 3-5 mm Hg (see Methods) (Fig. 3) . Three levels of right ventricular pressure were studied in the perfusion model in vitro (Table I, groups I, II, and III) . First, with the mean systolic pressure close to that seen in situ, 3 mm Hg; second, with narrowing of the pulmonary cannula and increased pulmonary resistance so that the right ventricular systolic pressure increased 3-4-fold (11 mm Hg); and third, with further restriction to outflow so that right ventricular systolic pressure increased to 22 mm Hg. The last level was selected since levels higher than 30 mm Hg frequently resulted in rupture or leaking of the preparation. In all three groups, the coronary flow was restricted to 4.0 ml/min per heart averaging 1.0 g in wet wt equivalent to 25-26 ml/min/g dry wt.
Similarly, in all three groups, the right atrial perfusion load was constant at 2.0 ml/min (14 ml/min/g dry wt) or a total of 6 ml/min (4.0 ml from coronary perfusion + 2.0 ml directly to the right atrium). With a rise in pulmonary outflow resistance and a significant eleva- The data obtained in this model so far indicated that right ventricular protein synthesis increased with a 2-3-fold increase in pressure but then dropped to the "control" levels (groups III and I, Table I ) as the pressure increased further. The initial rise in right ventricular protein synthesis with afterloading of moderate degree is similar to that seen with the left ventricle perfused with the same coronary flow (6), but the falloff in protein synthesis with further elevations of ventricular pressure was not previously seen in the left ventricular perfusion systems.
Several possibilities for the fall in right ventricular protein synthesis in the face of increasing ventricular pressure remained to be explored. These included (a) alterations in coronary pressure with increases in right ventricular afterload, (b) decreased intracellular free lysine pool specific activity as the right ventricular pressure reached its maximal levels, (c) progressive right ventricular anoxia in the high pressure group either due to shunting or decreased total coronary flow, and (d) marked impairment of contractility.
CORONARY PRESSURE AND TOTAL FLOW The decrease in synthesis in group III (Table I) was not due to alterations in total coronary perfusion flow or The diminished protein incorporation of lysine in the highest pressure group was not caused by altered specific activity of the intracellular free lysine pool since the latter remained essentially unchanged after 3 h of perfusion at different pressures (Table II) .
In two studies with pooled right ventricles perfused for only [25] [26] [27] [28] [29] [30] min, the specific activity of the intracellular free lysine pool in ventricles perfused at high pressures (20 mm Hg) was not lower than that in ventricles perfused with low pressures (4 mm Hg). Thus, with a perfusate ['4C]lysine, specific activity of 48,000 cpm/.'mol, the specific activity of the low pressure group was 29,000 cpm/iumol, and in the high pressure group 33,000. Therefore, the drop in synthesis in the high pressure group was not due to early delayed equilibration of the intracellular free lysine pool.
PROGRESSIVE RIGHT VENTRICULAR HYPOXIA
Relative right ventricular anoxia could be suggested as a cause of the fall in right ventricular protein synthesis with the highest pressure group for two reasons: first, a shift in coronary perfusion from the right to left heart as the right ventricular pressure increased; and second, restricted total coronary perfusion with inadequate total coronary supply of oxygen to meet contractile and protein synthetic requirements.
Measurement of the activity of the albumin or macroaggregated ["'I]albumin after one circulation of the label through the heart showed no significant change from controls when the pressure was increased to the maximum levels used in this study (Table III) . It was therefore unlikely that any significant shift or reduction in coronary flow occurred during the 3 h of perfusion with high pressures, and selective progressive anoxia in the right ventricles subjected to maximal afterloads was also unlikely. A TP content. The effect of restricting coronary flow on ATP levels was measured by determination of the ATP contents in the right ventricles at the end of perfusion at the different pressure levels. With perfusion with the coronary flow of 4 ml/min, the ATP content was maintained at 110±5 (SE) smol for 3 h of perfusion. There was no significant fall in the ATP content in the right ventricles as the right ventricular pressure was increased (Table IV) . Furthermore, the ATP contents at the maximum pressure levels, where protein synthesis fell off, were not significantly different from the levels where protein synthesis was increased (Table   IV , groups I, II, and III).
Lactate. Although lactate content in the right ventricles of the maximum afterload group was not significantly different from that in the lowest pressure group, measurements of lactate production by the entire heart (collection of coronary effluent) indicated that lactate produced in maximum pressure stress almost doubled that in the lower pressure groups (Table IV, group  III) ..
RIGHT VENTRICULAR CONTRACTILE ACTIoN As one index of contraction, amplitude or AP, defined as the difference between systolic and diastolic right ventricular cavity pressures, was continuously recorded. As afterload was increased from 3-5 mm Hg to 22 mm Hg, and the diastolic pressure rose, the amplitudes progressively increased, (Table I , groups I, II, and III). Since protein synthesis fell at the higher afterload levels, -it was also of interest to examine other parameters of contractility. At all levels of right ventricular systolic pressure dP/dT max was closely correlated with AP (Fig. 4) , and both dP/dT and AP increased (Table I , Fig. 5 ) with elevation of pressure.
Right ventricular protein synthesis with coronary flow increased-to 6 ml/min. In spite of the maintenance of ATP at a relatively constant level in the hearts perfused with a coronary flow of 4 ml/min, even at maximum right ventricular pressures, the lactate production increased. Hence, it was entirely possible that the increased oxygen requirement at these pressures (12) (13) (14) in the presence of right ventricular hypoxia left little available for protein synthesis. The latter might explain the drop in protein synthesis at the high afterload pressures. Hence, hearts were perfused with higher coronary flows of 6 ml/min (equivalent to 40 ml/min/g dry wt) (Table V) . Increases in coronary flow above this FIGURE 4 Correlation between amplitude of contractions or AP (difference between right ventricular systolic and diastolic pressures) and dP/dT max as the afterload of the right ventricles was increased from 3 to 25 mm Hg. The coronary flow was 4 ml/min or 25 ml/min/g dry wt. Table I ). Coronary flow was 4 ml/min. The points are means with SEM.
( Table I ). Since the coronary perfusion was increased, the right atrial perfusion was adjusted to a lower level in the pressure overload groups (Table V, groups VIII, IX, and X) so that the combined right atrial load (atrial perfusion and coronary flow emptying into the right atrium) were essentially the same as in hearts with lower coronary flows (Table I , groups I, II, and III). The protein synthetic response in this group was almost identical to that seen with lower flows. Increased protein synthesis accompanied elevations in right ventricular pressure followed by a drop to control levels as the pressure increased maximally. The drop occurred despite significantly higher ATP and lower lactate content and production compared to the lower coronary flow group (Table IV) , group X compared to group III).
Increase of right atrial perfusion load in the face of restricted and constant coronary artery perfusion and minimum elevation in right ventricular pressures Coronary flow 4 ml/min (Table I , groups IV, V, and VI). With the pulmonary catheter wide open it was possible to more than double the right atrial perfusion from 9 to 19 ml/min/g dry wt without effecting alterations in right ventricular pressures, amplitude of contractions, or ratio of amplitudes (Table I , groups IV and V). Furthermore, there was no significant alteration in protein incorporation of lysine in either right or left ventricles between the two groups after 3 In estimating protein synthesis from measurements of incorporation of a labeled amino acid, such as lysine, into mixed cardiac protein, a major problem involves the determination of the precursor pool specific activity of the amino acid used as the tracer since the specific activity in the precursor pool may be different from that in the extracellular or even in the mixed intracellular pool (10, (15) (16) (17) . In skeletal muscle or in the guinea pig heart in vitro, with or without pressure stress, equilibration with constant specific activity [UC]lysine shows that the specific activity of the intracellular pool reaches only 70% of that in the perfusate after hours (10, 18, 19) . The equilibration in the right ventricle presented here was identical. However, the immediate precursor pool specific activity, i.e., lysyl-tRNA, was not the same as that of the mixed pool, but in the guinea pig heart appeared to bear a constant relationship to the mixed pool (10) . Thus, the specific activity of the phenol-extracted RNA-bound lysine was 60% of that in the mixed intracellular pool regardless of the pressure load (10) . In view of the difficulty in obtaining the tRNA specific activity in each heart, the intracellular lysine pool specific activity was used to calculate protein synthesis, and although the absolute values presented here may be lower than the true values by 40%, the data have the same qualitative direction.
With this perfusion model, excessive volume load to the right heart was not associated with any consistent increase in protein synthesis in contrast to that seen with elevated right ventricular pressures. Increase in volume load increases stroke volume and cardiac volume and causes an increase in wall tension and stretch in spite of unchanging pressure. However, this tension and shortening against the low pressure head is apparently not a sufficient stimulus for increased cardiac protein synthesis in the acute model.
Although the lack of stimulation of protein synthesis by acute volume loading in the young guinea pig right ventricle with controlled coronary flow is similar to the findings in left ventricles of perfused rat hearts (20) , they are not in agreement with our earlier observations in guinea pig left heart perfusions or with data obtained from in vivo studies of aortic insufficiency where protein synthesis in the left ventricle was increased. The difference may be due to the difference in the model but may also be due to the finding that coronary flow was markedly increased in left ventricular loading (6) .
In contrast to the lack of effect of acute right ventricular volume loading on protein synthesis, increased pulmonary artery outflow resistance (afterload) resulted in significant increase in protein synthesis despite the identical coronary flow as in the low pressure or volume loaded groups. Augmented protein synthesis has been regularly seen in the left ventricle accompanying elevated aortic pressure both in vitro (6, 7, 8, 20) and in vivo (21, 22, 23) , but it has been difficult to separate the protein synthesis-pressure relationship from changes in coronary perfusion (20) , since afterload in the left ventricular models increases coronary flow during the application of the afterload. Increased protein synthesis has also been seen in the nonperfused papillary muscle stimulated with increased tension (24) , although here passive stretch also showed some increase in synthesis. The present study supports a protein synthesis-pressure relationship which is independent of coronary perfusion.
The increase in right ventricular protein synthesis with moderate elevation in pressure or afterload was reversed when the afterload was increased to maximal levels (group III, Table I ). The increase in afterload did not result in any significant alteration in coronary perfusion pressure, intracellular free lysine pool specific activity, decreased contractility, or significant shunting of coronary circulation from right to left ventricles. Thus, the fall in protein synthesis could not be ascribed to such changes.
It should also be recognized that in this model there was no functioning pulmonic valve. This might be responsible for some of the rise in end-diastolic pressure in group III rather than progressive cardiac failure.
Furthermore, ATP levels were the same at high and low pressures in the right ventricle. Since the ATP level rapidly reflects the degree of anoxia (25) (26) (27) , shunting from the right to left ventricle during the 3 h of high pressure perfusion with selective right ventricular anoxia would be expected to reduce the ATP within 20 min to levels far below those seen here after 3 h (28).
However, it is recognized that this model perfused with Krebs-Henseleit solution was relatively hypoxic when compared to the in vivo situation. This level of hypoxia has apparently not interfered with the ability of the left ventricle to respond to stress with marked increments of protein synthesis in vitro (6, 7), nor prevented the similar response of the right ventricle when pressures were increased 3-4-fold in the present study. Yet, as afterload reached the maximum used in this preparation, protein synthesis fell. With this degree of pressure elevation, oxygen requirement to maintain or increase contractility would be greatly increased (4, 29, 30) , and the coronary flow of 4 ml/min may not be adequate to supply sufficient oxygen to satisfy energy requirements for maintenance of both contractility and augmented protein synthesis. This is suggested by the increased lactate production in this group.
When the coronary flow was increased to 6 ml/min, the protein synthetic response of the right ventricle was identical to that seen with the more restricted coronary flow of 4 ml/min, i.e., a significant increase in synthesis as the pressure increased 3-4-fold again followed by a fall in synthesis as the pressure reached its maximum levels. But in this group protein synthesis decreased despite a significant fall in lactate production and right ventricular lactate content, as well as a rise in ATP and ATP/lactate ratios (Table IV, group X). The data would suggest that the fall in protein synthesis at the maximum pressures, at least in this group, was not solely due to progressive hypoxia during perfusion.
Recently it has been demonstrated that alterations in hydrostatic pressure may affect protein synthesis, and a similar anomalous protein synthesis-pressure relationship has been described in subcellular systems (31) . Progressive increases in hydrostatic pressures first increased and then decreased protein synthesis. Although the pressures used were far above those used in this study, it is of interest that the right ventricles in the afterload studies responded similarly.
In summary, the present report presents a perfusion model which suggests a direct pressure-protein synthesis relationship in the right ventricle isolated from the effects of altered coronary flow. The data have demonstrated that a moderate pressure load in the right ventricle elicits an early increase in protein synthesis while volume loading does not, and suggest a ventricular pressure receptor affecting protein synthesis. The latter may indeed be akin to the osmotic pressure receptor postulated in the liver (32, 33) or similar to the ribosome receptor suggested earlier (31) . With further increases in pressure, there is an anomalous decrease in right ventricular protein synthesis. Although this may be due to an increase in hypoxia with lower coronary flows, the data obtained with higher flows indicate that hypoxia may not be the sole cause.
